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networks by using filaments
shortened to approximately 1
micron by the severing protein
gelsolin and then cross-linked by
filaminA [2] (Figure 1). At
physiological concentrations of
filaminA and actin, the storage and
loss modulii of these networks
increased with frequency in
a manner resembling the cellular
power-law derivedbyFabryetal. [6].
But while the filamin cross-linked
networks replicated the dynamic
response of cellular networks, they
again fell short of cellular modulii by
three orders-of-magnitude. Gardel
et al. [2] hypothesized that, in
addition to bearing the stresses
imparted by a twisting bead, the
cellular networks supported
tensions continuously generated
by the actions of internal myosin
motors. To test whether such
‘prestress’ might resolve the
paradox, the authors applied
a steady shear to their test samples
and then measured modulii using
superimposed oscillations. The
local modulii measured by this
technique increased sharply with
increasing prestress and eventually
replicated the strengths of cellular
networks.
Gardel et al. [2] found that, in
contrast to filaminA networks,
networks cross-linked with
a-actinin did not strengthen with
applied prestress; instead they
fractured at prestress levels
several orders lower than the
filamin networks can sustain. The
two actin-binding domains in
a-actinin are on opposite ends of
the rigid, linear protein that tends to
align filaments side-by-side [7]; by
contrast, the two actin-binding
domains in filaminA are at the end
of a large, V-shaped, flexible
protein that arranges filaments
more orthogonally to one another
[13]. To examine the importance of
cross-linker flexibility, Gardel et al.
[2] conducted experiments using
mutant forms of filamin lacking
hinge regions of the protein.
Networks cross-linked with the
filamin mutants were mechanically
more similar to those cross-linked
with a-actinin than those
cross-linked with wild-type
filaminA. Thus, the flexibility of
filaminA appears vital to the ability
of this protein to strengthen actin
networks that are prestressed.
The work of Gardel et al. [2] is
consistent with cellular data
indicating that myosin-generated
tension directly increases cellular
modulii [14], however the
reconstitution of this phenomenon
is still incomplete. For the studies
of Gardel et al. [2], prestress was
generated by the steady rotation of
a rheometer plate. It is unclear how
steady shear translates to steady
tension on the filamin/actin
networks, and so it will be
interesting to see if the
reconstitution effort can be
advanced to include more
physiological myosin-generated
tension. This next step could be
tricky because myosin motors
can slide filaments past one
another to relax — rather than
sustain — network tension [15]. In
addition, myosins assemble into
minifilaments that will themselves
cross-link actin filaments and thus
the addition of myosins could
interfere with the dynamic and
mechanical properties of filamin
networks.
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R327Comparative Neurophysiology: An
Electric Convergence in Fish
Two lineages of fishes convergently evolved electric organs; recent
research has shown that they independently took advantage of an extra
copy of a sodium channel gene to alter channel kinetics for the electric
organ discharge.Paul S. Katz
Biology is replete with examples of
convergent evolution, in which
non-homologous structures have
come to resemble each other inform or function [1–3].
Convergence is not merely
a curious coincidence; it can
highlight the ecologically relevant
features that have been selected
for in different environments or
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Figure 1. The electric organ discharges of individuals and species vary greatly.
(A) The elephant nose mormyrid, Gnathonemus petersii, produces a very brief biphasic
electric organ discharge that lasts less than 0.5 milliseconds. (B) The gold lined knife-
fish, Sternopygus macrurus, generates a much longer electric organ discharge that
lasts over 10 milliseconds. The biphasic electric organ discharge from A is shown over-
laid at the same time scale for comparison. (C) Sodium currents recorded from differ-
ent Sternopygus macrurus individuals show large differences in their kinetics that cor-
relate with the duration of the individual’s electric organ discharge. (A and B modified
from [8]; traces in C modified from [11].)geographic locations. For example,
two lineages of teleost fishes have
independently evolved electric
organs and electrosensory
systems: the African mormyrids
and the South American gymnotids
[4–7]. Both types of fish use their
electrosensory systems for social
communication and navigating
obstacles in murky river water.
Thus, at least twice, natural
selection has come up with a novel
sensory system to allow fishes to
live in conditions where the visual
system is not of much use.
Independent evolution of a trait
may be facilitated by peculiarities,such as gene duplication, which
enhance the ability of selection to
act on that phenotype. The
evolutionary changes that occur in
the biological structure can also
inform us about the functions of the
structure. In the case of the weakly
electric fishes, the evolution of the
electric organ teaches us about the
properties of sodium channels and
even something about human
diseases [8].
Weakly electric fishes generate
electric fields by neuronally
activating the electric organ, which
is a modified muscle that has lost
its contractile properties. Theelectric organ discharge is
essentially a large action potential
that generates enough current
to produce an electric field in
the water surrounding the fish.
The duration of the electric
organ discharge is highly
species-specific and can differ in
duration by up to two orders of
magnitude (Figure 1A,B) [4]. This
is at least partly caused by
differences in the kinetics of the ion
channels that underlie the electric
organ discharge [9]. The kinetics of
the ion channels are also affected
by steroid hormones, which cause
sex differences in the duration of
the electric organ discharge, with
males having longer duration
signals [9,10]. Not only are there
species differences and sex
differences, but there is individual
variation among animals of the
same species and sex in the
durations of their electric organ
discharges which have been
correlated with differences in the
kinetics of sodium and potassium
currents in the electric organ
(Figure 1C) [11].
The ion channels that underlie
the electric organ discharge must
therefore be highly modulated, and
may also exhibit inherent variations
in kinetics [12]. Differences in the
structure of sodium channels are
important for the diverse electric
organ discharges. There are two
types of sodium channel
expressed in the muscles of most
teleost fishes: Nav1.4a and
Nav1.4b. Recent work by Zakon
and colleagues [8] has shown that,
in both the mormyrids and the
gymnotids, these two channels are
expressed differentially in muscles
and electric organs, with Nav1.4a
being expressed solely in the
electric organ, and Nav1.4b
expressed only in muscle
(Figure 2A). Thus, these two
lineages of electric fishes
independently evolved this
compartmentalization of Nav1.4a
into the electric organ with the loss
of expression in muscle cells.
The restriction of Nav1.4a to the
electric organ may have allowed
the channel to undergo positive
selection for properties that affect
the electric organ discharge
without altering muscle
physiology. The evidence that the
separation of the functions of the
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evolution comes from an electric
fish species that does not exhibit
the compartmentalization;
expression of Nav1.4a has not
been lost from muscles in the
gymnotid brown ghost fish
Apteronotus leptorhynchus
(Figure 2A). This species also
shows the least evidence for
positive selection [8]. Thus,
mutations that would impair
muscle function have probably
been selected against in
species where the same sodium
channel serves a function in
both muscle and electric
organ.
Both the mormyrid and gymnotid
lineages were found to have
non-synonymous sequence
changes in the gene for Nav1.4a in
regions that affect the gating
kinetics of the encoded channel
protein. Interestingly, the two
lineages have different amino-acid
substitutions that have
complementary effects. The
mormyrids, which have very rapid
electric organ discharges
(Figure 1A), have an amino-acid
substitution in a conserved region
at the intracellular mouth of the
channel (Figure 2Ba). When the
same amino acid substitution is
introduced in the human cardiac
sodium channel, it speeds
recovery from inactivation [13],
a change which would enable the
electric organ discharge in the
mormyrids to be repeatedly
activated.
In gymnotids, which have
a slower electric organ discharge
(Figure 1B), there is a sequence
change in a nearby part of the
channel that has been shown to
slow recovery from inactivation in
mammals (Figure 2Bb) [14].
Mutations in the flanking amino
acids are associated with muscle
disease in humans (Figure 2B,
triangle) [15,16]. Because amino
acid substitutions in this region of
the sodium channel lead to
changes in its kinetics, the
sequence is highly conserved so as
not to disrupt muscle function. But
the presence of an extra copy of the
gene has allowed mutations in this
region to be a substrate for
evolution of sodium channels with
kinetics that fulfill a different
function.Current Biology
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Figure 2. Convergence of sodium channel expression patterns and divergence of
sodium channel gene sequences.
(A) The sodium channel genes Nav1.4a and Nav1.4b are differentially expressed in
muscle cells and electric organs of some mormyrids and gymnotids. Both lineages in-
dependently lost Nav1.4a expression in muscle cells, but retained it in the electric or-
gan (EO). The gymnotid, Apteronotus leptorhynchus, retains the ancestral state with
both genes expressed in muscle. (B) The diagram shows parts of three of the pseudo-
subunits of the sodium channel in the membrane (II, III, IV). The sequences below are
from the regions of the inactivation loop (a,b). The mormyrid gene has substitutions in
both regions (red). Two gymnotids have amino-acid substitutions in region b. The tri-
angle indicates an amino acid that is mutated in a human muscle disease.It would be predicted that, if one
of the sodium channels were
partitioned into a different type of
organ, it would again be free to
change under the selection
pressure for that organ. For
example, the swim bladder of some
fish species has evolved to
produce sounds forcommunication; as Zakon et al. [8]
suggest, if one of the sodium
channels is expressed only in
the sonic muscles, the
kinetics might differ from the
sodium channels in other
muscles [8].
The presence of two muscle
sodium channel genes in fishes
Visual Physiology: Perceived Size
Looms Large
Visual illusions tell us that size perception depends heavily upon complex
contextual cues, often thought to be extracted by brain areas high in the
visual hierarchy. Now, a new study shows that perceived size is reflected
in activity as early as the primary visual cortex.
Sean P. MacEvoy and
David Fitzpatrick
Ask any fledgling artist how to
make one object appear farther
away than another, and you will
likely get the same answer: draw it
smaller. It is a simple consequence
of the geometry of the eye — or of
any pinhole camera — that the size
of an image formed by an object
shrinks in proportion to its distance
from the observer. Figure 1 shows
what happens if an object’s size is
not scaled appropriately to its
distance; the ‘distant’ sphere
appears larger than the foreground
sphere, even though the two have
the same physical dimensions
(get a ruler and test it) [1]. This is
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precondition that enabled the
compartmentalization of one of the
channels in the electric organ,
allowing positive selection on the
gene for that channel. This
occurred not once, but
twice — once in mormyrids and
once in gymnotids. Is it a stroke of
luck, or are such gene duplication
events gateways that allow
selection to operate with fewer
constraints?
A similar situation occurred in the
evolution of long-wavelength
opsins in insects [17], where a gene
duplication event seems to have
facilitated the evolution of an opsin
that is sensitive to red light [18].
Homology mapping suggests that
a phenylanine to tyrosine
substitution at amino acid 139 of
the green opsin occurred
independently at least twice in
butterflies and twice in bees,
resulting in the repeated
appearance of a red-shifted opsin
[19]. In this example, therefore, the
same amino acid substitution
occurred independently at least
four different times. This is not just
a coincidence; it is an inherent
physical property of the opsin that
this particular amino acid
substitution will result in a red shift.
Computational models of selection
suggest that, if a specific amino
acid substitution is beneficial, then
it is more than twice as likely to
occur repeatedly than if the
change is neutral [20]. Therefore, it
is not a fluke that the same
amino acid substitution occurred
repeatedly; gene duplication
and the inherent properties of
the opsin facilitate this
occurrence.
When we look at the remarkable
similarities that arise through
convergent evolution, such as in
the electric organs in African
mormyrids and South American
gymnotids, we should not just
dismiss them as amazing
coincidences. Rather, they show
that there are some paths that are
more easily taken in evolution,
allowing disparate organisms to
converge on the same destination.
Furthermore, these studies show
that when selection repeatedly acts
on certain parts of a protein, it
indicates that those regions have
functional significance. Thus,studying the evolutionary variation
in a structure can lead to a greater
understanding of the basic
properties of that structure.
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